H
urler syndrome (HS) is an autosomal recessive lysosomal storage disease, also called mucopolysaccharidosis type 1H with an estimated incidence between 0.61 and 1.3 per 100,000 live births. [1] [2] [3] The disorder is characterized by the deficiency of enzyme a-L-iduronidase (IDUA). Because of the lack of IDUA activity, accumulation of glycosaminoglycans (GAG) is observed. Patients with HS are unable to degrade dermatan sulfate and heparin sulfate. Accumulation of these products within lysosomes leads to multiorgan dysfunction and tissue damage. 4 Historically, treatment of patients with HS was palliative and symptom based, predominantly because of their limited life expectancy, multisystem involvement, and severe cognitive impairment. However, recent treatment with allogeneic hematopoietic cell transplantation (HCT) has significantly improved the clinical manifestations of the disorder, and overall life expectancy. [2] [3] [4] After engraftment of allogeneic hematopoietic cells, an improvement has been noted in obstructive airway symptoms, hepatosplenomegaly, corneal clouding, hydrocephalus, hearing, and neurocognitive function. 2, 5, 6 The risk of heart failure and tachyarrhythmia is eliminated by 1 year after successful HCT. 2, 7 The mean survival of children with HS treated with HCT has been reported to be 15.6 years, which is considerably higher than 6.6 years in children without HCT. 3 After HCT, the probability of survival has been high, 68%, 66%, and 64% at 1, 5, and 10 years, respectively. 3 Despite these improvements in survival and comorbidities, the myriad of musculoskeletal manifestations of HS symptoms seen in these patients (termed dysostosis multiplex) is less responsive to the treatment with HCT. 2, 8, 9 Musculoskeletal manifestations of HS includes short stature, thickened calvarium, odontoid hypoplasia, atlanto-axial subluxation, localized thoracolumbar kyphosis, small clavicles, broad scapulas, acetabular dysplasia, coxa-valga evolving into hip subluxation, genu valgum, carpal tunnel syndrome, trigger finger, limited joint mobility, and soft tissue contractures. These skeletal abnormalities are thought to result from the combination of lack of skeletal remodeling, disordered endochondral and intramembranous ossification, focal failure of ossification, and infiltration of GAG into ligaments, tendons, joint capsules, and other soft tissue structures. [9] [10] [11] HCT has been reported to result in mild improvement in joint mobility, facial features, and longitudinal growth. Unfortunately, HCT has not been shown to have a positive effect on the progression of kyphosis, genu valgum, and hip dysplasia. [10] [11] [12] Histological study of the growth plate in HS reveals a disruption in the programmed maturation of the chondrocytes leading to marked irregularities in cellular orientation. This disruption of the normal columnar architecture produces a relative barrier to the transport of diffusible corrective enzymes within the growth plate and is the presumed reason for the poor musculoskeletal response to the HCT. 2, 9 Although hip dysplasia is common in patients with HS its prevalence and management has not been adequately characterized. [10] [11] [12] [13] Our institution is a referral center and leader in the treatment of patients with lysosomal storage diseases. As a part of our multidisciplinary approach, patients with HS are evaluated by an orthopaedic surgeon at the time of their initial visit and are then subsequently followed on an annual basis. The purpose of this study was to determine the prevalence of hip dysplasia in patients with HS after HCT and to evaluate the results after orthopaedic interventions used in their treatment.
METHODS
This is an institutional review board approved retrospective review of a consecutive series of patients with HS treated with HCT from 1985 through 2008 at our institution. Fifty-nine patients (118 hips) who survived more than a year after HCT were assessed for inclusion in this study. Eight patients (16 hips) were excluded because of inadequate or missing pelvic radiographs. The remaining 51 patients (102 hips) were analyzed for the current study, and were divided into 2 groups; a group that underwent surgery and a nonsurgery group. The surgery group was further divided into 2 subgroups depending on the type of surgery, those treated by isolated proximal femoral varus derotation osteotomy (P-FVDO), or combined P-FVDO and pelvic osteotomy (PO) (Fig. 1) .
Radiographic evaluation of each hip was performed on supine anteroposterior pelvic radiographs with hips in neutral rotation. For hips in the surgery group radiographs at 3 different time points (immediate preoperative, postoperative, and most recent follow-up) were evaluated. Measurements were compared at each time point to the preoperative parameters. For hips in the nonsurgery group, the most recent available pelvic radiographs were evaluated. To minimize interobserver variation, all measurements were performed by a single physician. Hip dysplasia was quantified by the acetabular index of weight bearing zone (AI-WBZ, normal <20 degrees), 14 the lateral center edge angle (LCEA, normal >25 degrees) of Wiberg, 14 and the head migration index (MI, normal <25%). 15 Coxa-valga was assessed by proximal femoralneck-shaft angle (FNSA).
Clinical and operative records were reviewed to collect the following demographic and operative data: age at the time of HCT, age at the time of hip surgery, gender, side of surgery, type of surgery, estimated blood loss (EBL), time duration of the surgery, and intraoperative as well as postoperative complications. Procedures performed concomitantly with hip surgery and those performed subsequent to the index surgery were also recorded.
Statistical Methods
Quantitative variables are described by mean and SD (mean ± SD). The w 2 test was used to compare categorical variables and Wilcoxon rank sum test to compare continuous variables for preoperative and most recent outcome groups. Similar tests were applied to compare 2 groups (surgical vs. nonsurgical) and 2 surgical subgroups (P-FVDO vs. combined P-FVDO+PO). A P-value of <0.05 was considered as statistically significant. All statistical analyses were performed with Statistical Analysis System (SAS) statistical software version 9.1 (SAS Institute Inc., Cary, NC).
RESULTS
There were 102 hips included in this analysis of 51 patients (29 males and 22 females). The average age at the time of HCT was 1.6 (± 0.9) years and average age at the time of this radiographic review for all 51 patients in this study was 6.12 (± 3.8) years. Acetabular dysplasia was noted in all hips, with mean AI-WBZ 32.5 degrees (± 7.7); LCEA À 3.1 degrees (± 11.9); MI 51% (± 15.3). Proximal femoral valgus deformity was also common with a mean FNSA of 149.9 degrees (± 6.8).
Forty hips (39.2%) in 20 patients (12 males and 8 females) underwent hip reconstructive osteotomies. All 20 patients underwent bilateral hip surgeries, performed at the same time by 2 separate surgical teams. The average age at the time of hip surgery was 6.8 (± 3.1) years, an average of 5.1 (± 2.9) years after their HCT. The average body mass index at the time of surgery was 18.2 ± 2 (height 105.8 ± 14 cm and weight 20.8 ± 6.5 kg). Preoperative radiographs in the surgical group showed severe acetabular dysplasia with mean AI-WBZ 33.3 degrees (± 7.9); LCEA À 5.3 degrees (± 10.9); MI 50.7% (± 15.7); and proximal femoral valgus deformity with mean FNSA 150.9 degrees (± 5.8) ( Table 1) .
Of the 40 hips in the surgery group, 10 hips in 5 patients underwent only P-FVDO at an average age of 6.5 (± 3.2) years ( Fig. 1) . Mean EBL was 147.5 ± 102.5 mL and mean total surgical time duration was 386 ± 26.9 minutes. Both sides were performed at the same time in all patients, thus EBL and time specified includes both sides as well as associated procedures performed (proximal medial tibial hemiepiphysiodesis in 2 knees). Average follow-up of this group was 34.8 (± 20.4) months after surgery. Proximal femoral valgus deformity was significantly improved by P-FVDO, and this improvement was maintained until most recent follow-up (Table 2) . However, radiographic parameters specific to acetabular dysplasia (AI-WBZ, LCEA) were not changed and showed no remodeling of the acetabulum over time as evident on most recent follow-up radiographs (Table 2) .
Remaining 30 hips in surgical group were treated with combined P-FVDO+PO at an average age of 6.9 (± 3.1) years ( Fig. 1 ). Mean EBL was 357.3 ± 213.9 mL and mean surgical time duration was 284.1 ± 56.6 minutes. Both sides were performed at the same time in all patients, thus EBL and time specified reflects both sides as well as associated procedures performed. Associated surgeries were: proximal medial tibial hemiepiphysiodesis (n = 11), staple removal from proximal tibia (n = 3), claw toe correction (n = 2), adductor release (n = 1), and carpal tunnel release (n = 2). Postoperative radiographs showed significant improvement in all radiographic parameters. This improvement was maintained on most recent follow-up radiographs ( Table 3 ). The average length of follow-up of this group was 6.3 (± 3.9) years after surgery. There were combination of different types of pelvic procedures performed including Pemberton (n = 15), Shelf (n = 12), and Dega (n = 3). There was no statistical difference in the radiographic outcomes depending on the type of PO performed.
Comparison of preoperative radiographic measurements showed no statistical difference between the groups that underwent only P-FVDO and those that were treated with combined P-FVDO and PO (Table 4) . Immediate postoperative radiographs showed statistically better AI-WBZ in hips which underwent combined P-FVDO and PO than those which underwent isolated P-FVDO (P = 0.04). Most recent postoperative time of these 2 groups shows statistically different follow-up time period (P = 0.01) making groups unmatchable for comparison of their radiographic outcomes (Table 4) .
There were 62 hips (31 right and 31 left) in 31 patients (17 males and 14 females) in the nonsurgery group. All these hips also had acetabular dysplasia with mean AI-WBZ 31.9 degrees (± 7.6); LCEA À 1.7 degrees (± 12.5); MI 51.2% (± 15.3); and proximal femoral valgus deformity with mean FNSA 149.3 degrees (± 7.5). The average age at the time of this radiographic measurement Table 5 ).
The mean age of patients at the time of most recent follow-up in the surgical group, after surgery, was 12.0 (± 4.8) years (range, 5.4 to 21.2 y). In order to match patients with similar age range in the nonsurgical group, we excluded patients below 5.4 years of age from nonsurgical group, for a comparative analysis. After this exclusion, there were 28 hips in the nonsurgical group with age range 5.6 to 19.9 years at the time of radiographic assessment. These 2 comparable demographic groups, with and without surgery were radiographically analyzed for hip dysplasia. Acetabular dysplasia and proximal femoral valgus deformity were significantly worse in patients who did not undergo hip surgery compared with the hips of patients, at the same age range, but who have had hip surgery in the past (Table 6 ).
Comparison of hips in patients who underwent surgery at the age below 5 years or above 5 years showed no statistical difference in final outcomes as evident from their most recent follow-up radiographs except in their neck-shaft angle (Table 7) . Hips in patients who underwent surgery at an early age (< 5 y) showed recurrence of their femoral valgus deformity over time in comparison with those patients who underwent surgery at later age (>5 y).
Revision Surgery/Complications
Two hips underwent revision surgery. One hip needed revision P-FVDO for persisting valgus deformity. This was performed 17 months after the index hip surgery (combined P-FVDO+PO). A second hip underwent revision P-FVDO as well as PO at the age of 12 years, 7.5 years after the index hip surgery (combined P-FVDO+PO).
One female patient developed slipped capital femoral epiphysis of left hip, 4.6 years after index hip surgery (combined P-FVDO+PO). Her body mass index was 18.8 and she was on growth hormone. She had a stable, chronic slipped capital femoral epiphysis, which was treated conservatively. Four years later she underwent a proximal femoral varus-flexion-derotation and shortening osteotomy at the intertrochanteric level for her residual hip deformity. Two months after this, she had implant loosening and underwent revision surgery and she subsequently healed her osteotomy.
In addition, 5 of 102 hips developed severe osteoarthritis (OA) warranting total hip arthroplasty. Three hips were from the surgical group and 2 from the nonsurgical group. All 3 from the surgical group have had combined P-FVDO+PO. One hip was treated with P-FVDO+PO at 14.8 years of age, which was higher than the mean age at the time of hip surgery in our study population (6.8 ± 3.1 y). The remaining 2 hips with severe OA underwent their index hip surgery (P-FVDO+PO) at 6.6 years of age.
Two hips with severe OA in the nonsurgical group were in the same patient. Radiographs analyzed in this patient were performed at 19.9 years of age, which was again significantly higher than the mean age of patients (5.7 ± 4.1 y) at which radiographs were analyzed in this study. Considering the low percentage of hips (5/102 hips, 4.9%) that were shown to have severe hip degeneration, we were unable to obtain any statistically significant predicting factors for the severe hip degeneration.
DISCUSSION
This radiographic study shows that all patients with HS developed acetabular dysplasia and proximal femoral valgus deformity even after receiving HCT during infancy. Those who underwent surgical intervention showed significantly better results at 5.4 years after surgery when compared with those who did not undergo surgery at a comparable age range (P-value <0.05, Table 6 ). In addition, acetabular coverage improved after combined P-FVDO+ PO and was maintained until recent follow-up (B6 y), as opposed to those hips that underwent isolated P-FVDO and showed no radiographic remodeling of the acetabulum overtime.
HCT performed in patients with HS at an early age often results in near normal intellect and independent mobility beyond first decade of life. 2, 3, 11 In general, the first year after HCT is considered the time of highest risk of transplant-related morbidity and mortality. We believe elective hip surgery should be avoided during this time period if possible. One year after HCT, the probability of survival rate of patients is essentially the same at 5 and 10 years after HCT (B65%). 3 In the current study comparison of hips in patients who underwent surgery at an age below 5 years (r4 y from HCT) compared with above 5 years, there was no statistical difference in final results except in their neck-shaft angle (Table 7) . Hips in patients who underwent surgery at age under 5 years had recurrence of their femoral valgus deformity over time. There is no standardized optimal time for hip reconstructive surgery, but it is postulated that surgery performed at an early age may preserve hip motion and prevent later sequelae of hip subluxation, most notably degenerative joint disease leading to severe OA. Weisstein et al 10 reported that 6 of their 7 patients needed surgery at 4.8 years of average age because of worsening hip dysplasia. Similarly, in the current study the average age at the time of hip osteotomies was 6.8 (± 3.1) years, which was 5.1 (± 2.9) years after HCT. This is the common age of preference for hip surgery by surgeons because of various anecdotal reasons, such as it gives enough time to recover from HCT and address some other essential health issues such as cardiac, respiratory, or sometimes spine before elective hip reconstruction, give tolerable age for long anesthesia period, adequate size, and ossification of bones to perform a desired osteotomy and a favorable age for postoperative rehabilitation. Moreover, delaying the hip osteotomy is also not recommended. Field et al 11 reported that 7 of their 11 patients who reached adolescence lost their ability to walk unaided and had generalized muscle weakness. They attributed this to the progressive joint contractures of the lower limbs, progressive subluxation and dislocation of hip joints, and increasing genu valgum developed in their patient population by the age of 10. Many patients with HS present a major anesthetic risk because of their upper airway obstruction, limited jaw motion, short neck, difficulty with intubation, and atlanto-axial instability. The risk of anesthesia has been reported to increase with age. 4 Several of our patients stayed in PICU for a night after surgery for close postoperative monitoring of their airway as well as hemodynamic check. No nonorthopaedic problems were encountered in this cohort of patients. All our patients underwent bilateral hip surgeries performed at the same time by 2 teams of orthopaedic surgeons working on either side. This reduces the duration of anesthesia and number of visits to the operating room. Doing 2 sides simultaneously also shortens postoperative rehabilitation time. However, bilateral hip surgery that includes bilateral femoral osteotomies and bilateral pelvic osteotomies in this patient population is a significant undertaking both in terms of the surgery as well as the rehabilitation afterwards. Many of the patients in the nonsurgical group in our study are awaiting surgery. Orthopaedic surgery for their hips and/or other lower extremity issues may be delayed or postponed for a number of reasons including: atlanto-axial instability, sometimes thoracolumbar kyphosis requiring stabilization first, other medical issues related to HS, and parental or surgeon preference.
Various studies reported that marked improvements noted in other clinical symptoms after HCT are not observed in the skeletal system. 2,4,5,9-12 Field et al 11 described 3 different patterns of skeletal growth disturbance in patients with HS. IDUA deficiency is thought to disturb "systemic bone modeling" by affecting primary ossification centers due to collection of GAG in these tissues, which is evident by their abnormal facial features (membranous bones) and short stature (endochondral ossification). A second theory is "focal failure of ossification," primarily noted at 3 sites: anterosuperior quarters of vertebral bodies of thoracolumbar junction (resulting in focal kyphosis), lateral roof of the acetabulum (acetabular dysplasia), and lateral margin of the proximal tibial metaphysis (genu valgum). 11 Cartilaginous forms of tissue at these areas almost always fail to ossify normally in patients with HS. The hypothesis behind the failure of ossification is ineffective delivery of IDUA at these locations due to a combination of relatively poor blood supply and abnormal chondrocyte orientation within the growth plates. This theory explains the difference in results of isolated P-FVDO and P-FVDO+PO in our study.
We routinely perform intraoperative arthrogram in patients with HS after their femoral osteotomy to delineate the cartilaginous acetabular margin. We have found an arthrogram as a convenient, easy, and dynamic test that is helpful in the operating room to guide our decision-making. Moreover, arthrogram performed after femoral osteotomy and before pelvic procedure is true representation of the joint congruency, femoral head coverage, and cartilaginous margin, the information, which cannot be adequately obtained from a static preoperative magnetic resonance imaging (MRI). Therefore, in general we do not perform an MRI of the hips in patients with HS, which in itself is an invasive procedure for children at this age. Hip arthrograms performed during surgery in our patients most often showed a well-developed cartilaginous acetabular roof (Figs. 2B, C) . This brings the possibility of improvement in bony acetabular coverage over time with the ossification of the lateral margin of the acetabulum. However, follow-up radiographs after isolated P-FVDO showed persistence of unossified lateral margin of the acetabulum with no improvement in AI and LCEA over time (Table 2 ). Field et al 11 also had similar observations with isolated femur osteotomies. There were no changes in the acetabulum in their patients who underwent isolated femoral osteotomies in the hope that the acetabulum will remodel. They attributed this to the failure of ossification of the lateral acetabular margin, and they concluded that doing only a femoral osteotomy was ineffective. Masterson et al 12 also concluded from their study on 8 patients that isolated femoral osteotomy does not seem to be sufficient in HS and PO serves as an essential part of the surgery. Our current study, with a large patient population, also has similar findings. All 40 hips in surgical group needed P-FVDO in the current study. Although, all preoperative x-rays were performed with the lower extremities in internal rotation, which presumably shows true valgus deformity, we do additionally verify the true valgus femoral-neck deformity versus rotational deformity by inserting a guide wire in the femoral-neck and examining femur under C-arm. After verification under fluoroscopy, a combined varus derotation osteotomy was performed in all our cases.
There were 3 different types of pelvic osteotomies performed in our study population, attributed to surgeons' experience, training, and preference depending on intraoperative arthrogram findings in a particular case. There was no difference in the results depending on the type of PO performed. However, it should be noted that the results of all of these studies including our own are based on radiographic results. As we neither have functional outcomes data nor long-term follow-up into adulthood for HS patients, we are unable to comment on whether improved radiographic correction of acetabular dysplasia and coverage correlates with better long-term hip function or a lower incidence of degenerative hip disease in patients with HS.
Field's third theory was termed "avascular disorder of the femoral head" and he called this event similar to Perthes disease. 11 Our observation about the shape of capital femoral epiphysis was similar to that of Field and colleagues. The medial part of the capital epiphysis was usually thin in these patients ( Fig. 2A) . However, we may not agree with Field in the comparison of the femoral head of patients with HS to those with Perthes disease because of the difference in pathoanatomy of the 2 conditions. First, in HS the medial side of the femoral head shows thinning which is unlike Perthes disease. Second, our observation in HS shows that medial epiphysial height improves after reconstructive osteotomies and shows no sequential stages as seen in patients with Perthes disease (Figs. 2A, B) . We hypothesize that thinning of the medial side of the femoral capital epiphysis in HS is due to mechanical overloading of this region from the combination of proximal femoral valgus deformity and lateral migration of the head that brings the medial portion of the epiphysis under the weight bearing section of the hip. In addition none of our patients showed coxa magna like Perthes diseases.
Current practice guidelines in the pediatric literature suggest that minimum follow-up for patients with HS should be every other year for their musculoskeletal assessment, which can vary depending on particular patient requirement. 4, 16 However, considering the severe form of hip dysplasia that is seen in patients with HS even after HCT, as well as, requirement of reconstructive hip surgery at young age, we recommend yearly orthopaedic evaluations. In addition, these patients should be monitored for other progressive skeletal abnormalities such as localized thoracolumbar kyphosis and genu valgum.
There are certain recognized limitations to this study, including its retrospective nature, the fact that surgeries were performed by more than 1 orthopaedic surgeon, and that no functional hip data are available. In addition, no histological or MRI findings are available to show the fate of the cartilaginous lateral margin of the acetabulum with growing age. Despite these limitations, it is the first report specifically focused on hip dysplasia in the largest cohort of patients with HS (102 hips) after HCT. In addition, this study represents the longest postoperative follow-up reported, comparing surgical and nonsurgical groups as well as differences between P-FVDO and combined P-FVDO+PO as a treatment modality (Fig. 3) .
In conclusion, hip dysplasia in patients with HS is a significant orthopaedic problem even after recent advances in the treatment of these patients with HCT. As life expectancy of patients with HS is increasing with HCT, we recommend regular annual follow-up of their hips and reconstruction of their hip dysplasia with proximal femoral varus derotation and pelvic osteotomies.
